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The results of a deep·ocean bottom interaction experiment are presented in which the effects of both bottom 
refraction and subbottom reOection were observed. Data were obtained in the Hatteras Abyssal Plain using a 
deep towed 220-Hz pulsed cw source and two receivers anchored near the bottom. For ranges between I and 
6 km, corresponding to bottom grazing angles less than 13 ", the quadrature components of the received 
signals were recorded digitally. The observed amplitude shows a strong spatial interference pattern which is 
composed of the direct and bottom interacting arrivals. It is shown that for small source-receiver separations, 
the bottom return is dominated by a strong subbollom reOection. With increasing separation, this arrival 
evolves into a refracted arrival due to the presence of a positive sound-speed gradient in the sediment 
overlying the subbottom. Because of the gradient, a caustic is formed, and corresponding high intensity 
regions are observed in the data at the expected ranges. Values of sediment layer thickness, sound-speed 
gradient, and sound-speed drop at the water-bollom interface are obtained from best fits to the data using ray 
theory, normal mode theory, and the parabolic equation method. These values are consistent with those 
obtained in nearby locations by other workers. The success of the parabolic equation method indicates that at 
small grazing angles, the bottom interaction process may be modeled as a propagation process combined with 
the effect of a perfect, soft subbollom reOector. A value of sediment attenuation, 0.0015 dB/mat 220Hz, is 
also inferred from the data and is among the lowest values reported to date in the literature. 
PACS numbers: 43.30.Gv, 43.30.Bp, 43.30.Dr, 92.10.Vz 
INTRODUCTION 
The subject of low-fr equency acoustic refraction 
through deep-sea sediments with positive sound-speed 
gradients has an extensive literature. ln addition to 
reviewing the earlier work in this area, Chris tensen 
et al. ,' have studied this problem using explosive 
source data. They s how that for frequenc ies less than 
200 Hz, bottom grazing angles less than 25°, and a 
sediment layer at least a few hundred feet thick, a sig-
nificant amount of acoustic energy can be transmitted 
between source and receiver in t he water column via 
shallow r efracted paths in the sediment. Also using 
explosives, Dicus2 demonstrates the importance of the 
refracted arrival for grazing angles less than 30° and 
frequencies between 40 and 90 Hz. He furthe r observes 
the rr/ 2 phase s hift associated with the caustic3• 6 which 
is formed due to the presence of a positive sound speed 
gradient. Hanna7 shows that it is necessary to include 
a sediment- refracted path in order to explain the inter-
ference patt ern in his observed transmission loss data 
for a 95-Hz cw source. 
For thinner s ediment layers and/ or steeper graz ing 
angles , s ubbottom r eflections may play a s ignificant 
r ole in the bottom interaction process . For example, 
Brown and Ricard" show that the observed interference 
pattern in their 120.5-Hz pulsed cw data at grazing 
angles greater than 44° can be explained by including 
the r eflection from a subbottom 130 ft below the water-
bottom interface. In their model, this layer is assumed 
to have a constant sound speed. 
The purpose of this paper is to present the r esults of 
a deep-ocean bottom interaction experiment in which 
the effects of both bottom refraction and s ubbottom re-
flection were observed. In Sec. I , we present a des-
cription of the experiment and data ana lysis . In Sec. II , 
we present a ray theoretical interpretation of the data 
which demonstrates t hat the observed amplitude is dom-
inated by the effects of a strong subbottom reflector and 
a positive sound- speed gradient in the overlying sedi-
ment. We a lso infer values of sediment laye r thickness, 
sound-speed gr adient , sound-speed drop atthe water-
bottom interface, and sediment attenuation from best 
fits to the data using ray t heor y, normal mode theory, 
and the parabolic equation method. 
I. EXPERIMENTAL DESCRIPTION AND ANALYSIS 
The experiment was performed in September 1978 in 
t he Hatteras Aby ssal P lain at 34° N, 67° Win 5150 m of 
water . The experimental configuration is shown in Fig. 
1. A 220-Hz battery powered source9 with an acoustic 
power output of 177 dB re 1 llPa at 1 m was suspended 
on the trawl wire of R/V OCEANUS. The source emitted 
a 4- s pulse every 14 s which was accompanied by a 7-
ms 11-kHz pulse transmitted simultaneously by a pinger 
mounted on the source. The r eceiving system consisted 
of two DIBOS9 receivers moored on the bottom, with 
one hydrophone 2. 7 m and t he other 51.4 m above the 
bottom. The DIBOS (Digital Buoy System) is a mic ro-
processor controlled quadrature demodulator , digit-
izer, and recorder as shown in Fig. 2. Upon reception 
of the 11-kHz pulse , the DIBOS enter ed a data acquisi-
tion mode. The incoming low-frequency s ignal was 
bandpass filtered and bandshifted to base band (0 Hz) 
through coherent quadrature phase demodulators. The 
quadrature components were then fi ltered with a 2-Hz 
filteranddigitizedata 5-Hz rate using a 12-bitanalog-
to-digital converter. The arrival time (to tenths of ms) 
of the 11-kHz pulse and 8 s of 220-Hz data (correspond-
ing to 40 samples of each quadrature component) were 
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FIG. 1. Experimental configuration. 
then recorded on cassette tape . This s equence was re-
peated as the s hip drifted away from the receiver moor-
ing at a s peed of about ! kn. With a 220-Hz signal and 
14-s duty cycle, this corresponded to a ping occurring 
at approximately every ! wavelength in range . The 
clocks in the source and receivers were s ynchronized 
and have a stability of about one part in 109 per day. 
The 11-kHz emission time at the source and arrival 
time at the receivers could then be used to determine 
horizontal range between sour ce and receiver s. The 
arrival times of the direct and bottom reflected 11-kHz 
pulses received on the s hip's depth recorder were used 
to determine the source height above the bottom. It 
FIG. 2. DIBOS block diagram. 
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varied almost monotonically from 155 mat the begin-
ning to 205 mat t he end of t he expe riment. An average 
source height of 180 m was used in a ll of our calcula-
tions. 
A schematic diagram of the data analysis procedure 
is s hown in Fig. 3. Here, A1 coscp 1 and A1 sin cp 1 are the 
sampled quadrature components, with A 1 the a mplitude 
and cp 1 the phase. By examining many 8-s records of 
the received signal for stability, it was determined that 
the signal was in a s teady- state condition in the 4th s. 
The five samples of each quadrature component in that 
second were then a ve raged to obtain an estimate of the 
signal amplitude A and phase ([>at ranger. T he ampli-
tude was then smoothed by using a four-point ru nning 
average in range, and the r elative amplitude in dB was 
computed. T he results of this analysis for the two re-
ceivers are shown in F ig. 4. 
II. DATA INTERPRETATION AND COMPARISON 
WITH THEORY 
We s hall interpret t he experimental results in Fig. 4 
as measurements of the spatial part of the steady- state 
acoustic field at 220 Hz. The DIBOS removes the tem-
poral variation at the carrier frequency, while looking 
only in t he 4th s satisfies the steady-state requirement. 
For a source speed of & kn and frequency of 220 Hz, the 
Doppler shift is 0.036 Hz; Doppler effects are t her efore 
assumed to be small and are neglected. Because of the 
near-bottom geomet ry and 14- s duty cyc le, we a lso 
assume t hat the effects of s urface reflection and water 
multiples are negligible. However , because of the 
proximity to the bottom, the total field contains the di-
r ect a rrival in addition to the bottom interacting por-
tion. Finally, we assume that the water and bottom are 
horizontally stratified. 
Although our discussion will focus upon the behavior 
of the measur ed amplitude, we will first make one com-
ment abou t the phase. A striking feature of the phase 
is its rapid variation with range. If we had only a direct 
spherical wave in an isovelocity ocean at long r anges 
{» source/ r eceiver heights ), t hen the phase would go 
through a 2rr excursion whenever the range changed by 
a wavelength (:::::7 mat 220Hz). This behavio r is rough-
ly what we see in t he data, although it is complicated 
considerably by the bottom return. 
In order to compare the measur ed amplitude with the-
oretical predictions , we must fi r st deter mine a suitable 
s et of acoustic para mete r s for the bottom . The results 
of seismic r eflection and r efraction profiling10• 11 within 
60 NM of our s ite are presented in Fig. 5. From Houtz 
and Ewing10 we also infer that the top s ediment laye r 
may have a positive sound- speed gradient of about 1-2 
s-• and a drop relative to the water sound speed of about 
1%-2% at the water- bottom interface. Our model cal-
culations s howed , however, that this information was 
not sufficiently detailed to obtain a s uccessful compari-
son with the experimental data. The calculated acoustic 
field was far too sensitive to the values of the input 
parameters that were used . We therefore used the 
arc hival data as a sta rting point and var ied the bottom 
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FIG. 3. Schematic diagram of data analysis procedure. 
parameters until we obtained best fits t o the data. The 
results of this approach using ray theory , normal mode 
theory, and the parabolic equation method are presented 
below . In our discussion, we will concentrate on the 
amplitude behavior between 1000 and 4000 m, which is 
the r egion of greatest variability and highest signal-to-
noise ratio in the data . In order to aid in our under-
standing of the res ults, we shall first present a ray 
theoretical interpretation of the data. 
A. A ray theoretical interpretation of the data 
Although ray theory is the least successful in provid-
ing detailed agreement with the data , it is the most 
helpful in terms of illuminating the phys ics of the bot-
torn interaction process. First, let us examine the 
gross features of the amplitude data in Fig. 4. Region 
A is characterized by a dense interference pattern; re-
gion B is an area of high intensity which is es pecially 
evident for the 2.7-rn receiver; region C exhibits a 
much broader interference pattern than that found in 
region A. This behavior can be under stood by studying 
the ray diagram in F ig. 6, which shows the principal 
types of ray paths that dominate the interaction in this 
case. The sound-speed profile used is s hown in Fig. 7, 
though at this point we need only focus upon its gross 
features: A weak positive gradient in the water, a drop 
in sound speed at the water-bottom interface, a strong 
positive gradient in the top sediment layer , and a str ong 
subbottorn reflector . We postulate the following model 
of the bottom interaction process: For c lose-in ranges, 
the bottom return is dominated by a subbottorn reflec-
tion. This when combined with the direct arrival yields 
the Lloyd mirror-like dense interference pattern of 
region A. With increasing range this arrival evolves 
into a refracted arrival due to the gradient in the over-
lying s ediment. The gradient causes the formation of a 
caustic and the corresponding high intensity region in 
region B. Further out in range , the bottom return con-
sis ts of a shallow refracted arrival, which when com-
bined with the direct, yields the broad interference 
lobes of region C. We shall now develop this model in 
detail. 
Let us consider the possible ray paths which undergo 
a single bottom interaction. These are shown in Fig. 8. 
We will incorporate the effects of the water-bottom and 
sedirnent-s ubbottorn interfaces by using the plane-wave 
r eflection coefficients associated with these interfaces . 
The pressure field due to the bottom reflected path is 
given by 
Ps = R01 (88)A if!i~s, (1) 
where A 8 is the ray amplitude associated with geomet-
rical spreading, <I> sis the ray phase, 8 sis the ray 
angle at the water-bottom interface, and R0 1 is the Ray-
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FIG. 5. Experimental s ites and acoustic bottom parameter s 
measured by other authors . 
leigh reflection coefficient'" for a plane-wave incident 
from a half- space with sound speed c0 onto a half- s pace 
with speed c 1 . For the subbottom reflected path, we 
have 
Psa = T10R23T01A~8e i~sa , (2) 
where R2 3 is the Rayleigh reflect ion coefficient between 
two media with sound speeds c 2 and c 3 , and T01 (T10) is 
the pressure transmission coefficient from medium 0(1) 
to 1(0). Using the relations12 
T01 =1 +R01 , 
T 10 =1+R10 , 
Ro, =-R,o' 
we obtain 
Psa =[1- R~,(9)]R2,(9salA~ae 1~58 , 
(3a) 
(3b) 
(3c) 
(4a) 
with e the ray angle at the water- bottom interface and 
958 the ray angle at the sediment- subbottom interface. 
SCHEMATIC SOUND 
SPEED PROFILE HEIGHT (m) 
500 
400 
200 
--.-'----BOTTOM 
tOO 
_ _ _____:,.._ SUBBOTTOM 0 -i-...,-...,--, 
·Here <I>sa is the ray phase and A~8 is the amplitude 
which includes both a geometrical spreading factor A58 
and attenuation a' along the sediment path length Ls8 : 
A~8 = A58e-<>'L sa . (4b) 
The resu lt for the bottom refracted path is 
pR= [1- R~1 (9R)]A~ei~R, 
A~=ARe-"'LR, 
(5a) 
(5b) 
where eR is the ray angle at the water- bottom interface, 
cf>R is the ray phase, AR is the ray amplitude due to 
geometrical spreading, a nd L R is the s ediment path 
length. 
In order to make computations with our ray model, we 
require knowledge of the appropriate acoustic param-
eters of the bottom. For this purpose we shall use the 
geoacoustic model shown in Fig. 7. It will be shown in 
Sec. liB and IIC that these parameters yield the best 
theoretical ray and normal mode fits to the amplitude 
data. 
The key to understanding the ray model lies in the 
determination of the range of angles associated with t he 
various ray paths and the corresponding behavior of the 
reflection coefficients R01 and R23 . The variation in the 
angles for ranges between 1000 and 4000 m is shown in 
Table I. The reflection coefficients R011 with magnitude IRo, I and phase C/>011 and R2 3 , with magnitude IR2 3 I and 
phase ¢ 23 , evaluated ove r the range of angles of interest 
are s hown in Fig. 9. Sediment attenuation is incorpor-
ated by making the wavenumber k1 = w/ c, complex. Be-
cause of the drop in sound speed at the water- bottom 
interface, R01 exhibits the Brewster (intromission) 
angle phenomenon of total transmission. As a result, 
except at extreme grazing incidence, only a small 
amount of energy is reflected at the water-bottom in-
terface. By the same token, a large amount of energy 
is transmitted across this interface into the subbottom 
reflected and bottom refracted paths. Upon hitting the 
subbottom the ray, with grazing angle less than critical , 
is virtually totally reflected and simply undergoes a 
phase shift (c.f. Fig. 9b). On the other hand, rays which 
enter the subbottom at steeper angles, greater than 
critical, are largely absorbed by the subbottom. Final-
FIG. 6. Schematic sound-speed 
profile and ray diagram. 
0 1000 2000 
RANGE (m} 
3000 4000 
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ly , again because of the behavior of R0 , the s ubbottom 
r eflected and bottom refracted paths lose only a small 
amount of ener gy when they traverse the bottom-wate r 
interface and r e-enter the water column. 
The dominance of the s ubbottom r eflected and bottom 
refracted paths over the bottom r eflected path is con-
firmed by calculating the propagation loss a long the 
three paths using Eqs . (1), (4), and (5). The r esults of 
this calculation and that for the direct path (AD is the 
ray amplitude and <I>D the phase) 
pD=ADei0D (6) 
are s hown in F ig. 10 . We computed the geometrical 
spreading losses using a ray program developed at the 
NATO SACLANT ASW Resear ch Centr e.'l The program 
interpolates linear s ound-speed gradients between the 
input profile points; the ray equations then have exact 
solutions within each linear gradient layer. 
The three- path hypothesis (dir ect, s ubbottom r eflect-
ed, and bottom refracted) is further corrobor at ed by 
examining the observed interference patterns in detail. 
For two interfering paths with (rea l) amplitudes A1 and 
A2 and phases <1> 1 and <1>2 , the total press ure is given by 
p =A,e 'o, +Aze iOz . (7) 
In our case path 1 is the direct path with travel time T1 , 
SOURCE 
p, 
FIG. 8. Single bottom-interacting ray paths. 
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so that 
<1> 1 =wT1 (8) 
Path 2 is either the subbottom r eflected or bottom r e-
fracted path with travel time T 2 , so that 
<f>2 =wT2 +<I> . (9a) 
Here <I> is an additional phase shift aris ing from inter-
action with the s ubbottom, in which case 
<I>= 1/>23 ' (9b) 
or interaction with the caustic ,3-6 in which case 
<I> = 90° . (9c) 
The amplitude associated with Eq. (7) is given by 
IPI= [A~+A~+2A1A2 cos(<I>2 - <I> 1 ) ] 112 , (10) 
and has nulls at ranges such that 
<f>2 - <1> 1 =w(T2 - T1 )+<1> =(2n+1)11, (n=0, 1 ,2, . .. ). 
(11 ) 
The experimental null r a nges as determined from Fig. 
4, and the theoretical null ranges calculated from Eq. 
(11) us ing the geoacoustic model in Fig. 7 are shown in 
Table II. The spacing betw een adjacent nulls is also 
tabulated. The ray travel times were computed using 
the La Spezia ray trace program.13 The over all agree-
ment between theory and experiment is good. It is clear 
that t he addition of a 90° phase s hift , due to the caustic, 
to the bottom refracted path improves the r esults. 
TABLE I. Grazing angles of bottom-interacting ray paths for 
ranges between 1000 and 4000 m using the geoacoustic model 
of Fig. 7. 
Grazing angle 
Os 
8R 
(J 
(JSB 
(a) 51.4-m 
receiver 
Minimum 
value 
3' 
5' 
22' 
0' 
Maximum 
value 
13' 
22' 
31' 
22' 
(b) 2 . 7- m 
receiver 
Minimum Maximum 
value value 
1' 
5' 
22' 
0' 
10' 
22' 
30' 
20' 
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The peak- to-null difference in amplitude in the s ub-
bottom reflection portion of the inte rference pattern 
can be used to infer a value of s ediment attenuat ion. 
This method is discussed in the Appendix. 
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B. Comparison with a ray model 
In order to obtain t he best ray theoretical fit to the 
amplitude data, we used the ray program BOTRAY de-
veloped by Bartber ger .11 This model assumes a re-
fracting ocean and sediment layer overlying an iso-
velocity s ubbottom (c .f. Fig. 7 ). The progr am uses 
pseudolinear sound- speed profiles, for which the r ay 
equations have exact solutions. In the water, the pro-
fil e has the fo r m 
1 _1( 2g ) 
c2(z) - c~ 1- C:: z , z < 0 , (1 2a) 
where c0 is the speed in the wate r at the water- bottom 
interface and g is the gr ad ient. In the sediment layer 
of thickness H , the pr ofile has the form 
(_w -ia'(Z)\2 = (.:::_ _ ia') 2 c(Z) ~ \c1 1 
-[(;1 - ia;f - (~ - ia~rJ ~. z >o, (12b) 
where c 1 and c2 are the speeds and a; and a~ the atten-
uat ions at the top and bottom of the layer, r espectively. 
In our computations we assumed a~ =a~. We not e t hat 
even in that case, the form of the profile in Eq. (12b) 
int r oduces an a ttenuat ion grad ient. For small attenua-
t ions (a' « w/ c ), however , this gradient is negligible, 
and the attenua tion is effectively constant. Also for 
small a' ,J he functionalform of the sound-speed profile 
in the sediment layer reduces to that shown in Fig. 7. 
In BOTRA Y, reflection at t he boundaries is incorpor-
ated via plane- wave r eflection coefficients. The pr o-
gram retains the cont ributions of paths, including those 
which are multiply r eflected or refracted within the 
sediment layer , as long as their amplitudes do not fa ll 
more than 130 dB below ·the maximum. The ray paths 
are coherently summed at the receiver to obtain the 
total fie ld. Our best fit to the data using BOTRA Y was 
obtained using the geoacoustic model in Fig. 7. The 
theoretical results with and without the rr / 2 caus tic 
phase correction are shown superimposed upon the data 
in Fig. 11 . As expected, the uncor rected and corrected 
theories yield identical results in the subbottom interfer-
ence region. In the bottom refraction region, however, the 
phase corrected theory yields significantly i mproved 
results. The disagreement between theory and experi-
ment in the amplitude in the vicinity of the caustic is 
not surprising, since BOTRA Y does not contain a caus -
tic ampli tude correction. 
In obtaining the best fit to the data, it was found that 
t he pr edicted amplitude was most sensitive to variations 
in the sound- speed dr op at the water-bottom inter face, t he 
sediment layer thickness , and t he gradient and attenuation 
in the layer. The err or values indicated in Fig. 7 are the 
amounts by which it was necessary to change a given pa-
rameter , with a ll other s being held fixed, to produce a 
clearly discernible change in the predicted amplitude re-
sults. The amplitude was relatively insensitive to the acou-
stic pr operties of the subbottom as long as t hey caused t he 
subbottom interacting r ay paths to be critically reflected. 
For example, a subbottom sound- speed value of 5000 m/ s 
yielded amplitude curves almost indistinguis hable 
Frisk eta/.: Bottom interaction of low-frequency acoustic signals 89 
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the geoacoustic model of Fig. 7. 
from the ones calculated in Fig. 11. 
The sediment attenuation was determined by varying 
its value, with all other parameters held fixed, until the 
predicted and measured null depths agreed (c .f. Sec. IIA 
and the Appendix). A value of 
a= 8.686a' =0.0015 dB/ mat 220 Hz , (13) 
was obtained using null 3 with both the ray model and 
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the normal mode model described in the next section. 
This value is among the lowest values reported to date 
in the literature!H 7 We note that the sediment at the 
experimental site is composed of sand and s ilt 11 
C. Comparison with a normal mode model 
The most compr ehensive model used in our compari-
sons was Bartberger's14 normal mode program BOT-
MODE, wliich is related to his earlier work.18 Itis a full 
wave model which uses the same sound speed profiles 
as BOTRA Y, thus yielding Airy funct ion solutions to the 
depth-dependent Helmholtz equation . In BOTMODE, the 
normal modes are divided into two groups: (a) Water 
modes, whose equi valent rays have turning points in the 
water , and (b) sediment modes , whose equivalent rays 
penetrate into the bottom. The treatment of the water 
modes is a n outgrowth of the approach used by Peder-
sen and Gordon19 for the related s urface r eflection pro-
blem. For a typical case, BOTMODE used approxi-
mately 600 water modes and 44 sediment modes. We 
obtained our best nor mal mode fi t to the data, shown 
in Fig. 12 , using the geoacoustic model in Fig. 7. The 
overall agr eement between theory and experiment is 
excellent, with the only substantial deviations occurring 
at the longer r anges (.<! 2700 m) . We s hall reser ve a 
discussion of this behavior for the next section. Finally 
we note that, in this case, normal mode theory is 
clearly superior to phase corrected ray theory only in 
predicting the amplitude in the vicinity of the caustic. 
D. Comparison with the parabolic equation method 
Perhaps t he most inter esting results were those ob-
tained using the parabolic equation method (PEM).20 At 
fi r s t glance, one might expec t this approach to be inap-
propriate because of our conditions of s trong bottom in-
teraction. On the other hand, the na rrow band of initial 
angles (<30°) leaving the source in our case (c.f. Fig. 6) 
suggest that the paraxial approximation inherent in the 
PEM may be reasonably well satisfied. Furthermore, 
while t he PEM in its standard form assumes a perfectly 
reflecting soft surface a nd absorbing bottom, we a s -
s ume a totally reflecting s ubbottom and absorbing sur-
face. This led us to the idea of us ing the profile s hown 
in Fig . 13 as input to the PEM . Since the desired pro-
file was· that shown in Fig. 14 , we simply input source/ 
r eceiver heights above the subbottom as source/ re-
ceiver depths below the sur face in Fig. 13. The results, 
shown in Fig. 15, are r emarkable, since this version of 
the PEM21 contains neither density stratification nor at-
tenuation. This indicates that at these low a ngles, the 
bottom interaction process may be modeled a s a propa-
gation process combined with the effec t of a perfect soft 
sub bottom reflector . Thes e results are consistent with 
our ray interpretation which indicated that the primary 
role of the water -bottom interface is to serve as a 
"window" for the rays which enter the sediment and 
subsequently interact strongly with the gradient and 
s ubbottom. 
The geoacoustic model obtained with the PEM also 
differs from that obtained with the ray and normal mode 
programs in the form of the sound- speed profi le and the 
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TABLE II. Experimental and ray theoretical null ranges and spacings . 
(a) 51.4-m receiver (b) 2. 7-m r eceiver 
Null Null range (m) Null spacing (m) Null r ange (m) Null spacing (m) 
no. Theory Experiment Theory Experiment Theory 
1 1070 1101 1130 
2 1150 1155 80 54 1200 
3 1200 1236 50 81 12go 
4 1260 1281 60 45 1350 
5 1350 1353 90 72 1430 
6 1400 1431 50 78 {2260. 1760b 
7 1480 14g4 80 63 
8 1560 1626 80 132 
g 1640 1710 80 84 
10 1740 1830 100 120 
11 !""' 23g1 2100b 2soo• s oo• l "''"''"' 12 2740b 3000 840b 609 
• Without go• phase shift due to caus tic . 
b With go• phase shift due to caus tic. 
layer thickness. L inear gradients gave the best overall 
r esults with the PEM at both receiver s. In fact, we be-
lieve that the linea r gradient in the sediment was the 
source of our improved agreement , relative to there-
s ults using BOTRA Y and BOTMODE , in the long-range 
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FIG. 11. Comparison of experiment and r ay theory with and 
without the caustic phase correction using t he geoacoustic 
mode l of F ig. 7 for the (a) 51 .4-m and (b) 2.7-m receivers. 
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Experiment Theory Experiment 
111g 
123g 70 120 
1305 90 66 
1386 60 81 
1494 80 108 
1971f Refracted 
falloff of the field at the 2.7-m receiver. Othe r mea-
surements22 indicate the form of the sediment sound-
speed profile to be c2 linear; c linear is c loser to this 
form than 1/ c2 linear, thus yielding the improved re-
sults. On the other hand, we found that while actually 
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FIG. 12. Compar ison of experiment and normal mode theory 
1sing the geoacoustic model of Fig. 7 for the (a) 51.4-m a nd 
(b) 2. 7-m receivers. 
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FIG. 13. Form of the sound- speed profile input to the parabolic 
equation program. 
using a c2 linear profile in the PEM slightly improved 
the res ults at the 2.7-m receiver, it made t he results 
at the 51.4- m receiver s lightly worse. In any case, we 
can conclude that the fie ld is very sensitive to the form 
of the profile. at extreme grazing incidence. 
We expect the normal mode program to yield a more 
reliable es timate of layer thickness than the PEM be-
cause of the phase errors introduced in the PEM at 
steep angles by the paraxial approximation.Z0 •23 The 
layer thickness strongly influences the nature of the in-
terference pattern in region A of the data. If there is a 
phase error associated with the subbottom-reflected 
path, it will appear as an error in the inferred layer 
thickness. We believe this to be the source of the dis-
crepancy even though our PEM program included the 
phase velocity correction discussed in Ref. 23 because 
our steepest angles fall outs ide the nominal 20° range 
for which the PEM is considered most reliable. An-
other possible sour ce of error is the approximation of 
a soft reflector at the sediment-subbottom interface for 
which the phase C/>23 = - 180°, when in fac t the range-
averaged phase is approximately (¢2 3 ) = - 100°. How-
ever, because of the insens itivity of the amplitude to 
t he subbottom properties discussed earlier (c.f. Sec . 
llB), we do not believe this to be a major source of 
error. 
CONCLUSIONS 
We have presented the results of a deep- ocean bottom 
interaction experiment for small gr azing angles at 220 
Hz in which the effects of both bottom refraction a nd 
subbottom reflection wer e observed. The measured 
amplitude shows a strong s patial interference pattern 
which is composed of the direct and bottom interacting 
arrivals . It was shown that for small source- receiver 
separations, the bottom return is dominated by a strong 
subbottom reflection. With increasing separation this 
arrival evolves into a refracted arr ival due to the pres-
ence of a positive sound-speed gradient in the overlying 
sediment. Because of the gradient a caustic is formed, 
a nd corresponding high intens ity regions are observed 
in the data at the expected ranges . Values of sediment 
layer thickness , sound- speed gradient, and sound-speed 
drop at the water- bottom interface were obtained h ·om 
bes t fits to the data using ray theory, nor mal mode 
theory, and the parabolic equation method. These val-
ues are c onsis tent with those obtained in nearby loca-
tions by other workers. The success of the parabolic 
equation method indicated that at small grazing angles 
the bottom interaction process could be modeled as a 
propagation process combined with the effect of a per-
fect , soft subbottom reflector. A value of sediment at-
tenuation, 0 .0015 dB/ mat 220 Hz, was also inferred 
from the data and was found to be among the lowest 
values reported to date in the literature. 
C5 ~1534.3 m/s ABSORBING SURFACE 
92 
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C0 =1540m/s / 
·-c,= t515.4m/s 
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FIG. 14. Geoacoustic model 
used with the parabolic equa-
tion method. 
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APPENDIX: A METHOD FOR MEASURING 
SEDIMENT ATTENUATION 
It was s hown in Sec . IIA that the dominant paths g iving 
rise to the interference pattern in region A of the data 
are the direct path and a bottom path which is to~ally 
reflected at the subbottom. The paths are in phase at a 
peak in the data and have amplitude (c.f. Eqs . (4), {6), 
and (10) ] 
lp I -A A · a'LSB oeat- o+ s# · {Al) 
At the adjacent null, the paths are out of phase and have 
amplitude 
IPI.un =A0 -As6 e· <>'Lsa. 
We can measure the decibel peak-to-null difference 
in amplitude D from the data: 
D = 20(Log10 jp loeat- Log,o IP l •• ul · 
{A2) 
(A3) 
We can then solve for the sediment attenuation a' in 
terms of D, the spreading Losses A0 .and A5 6 , and the 
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sediment path Length L 58 : 
1 [ A ( 10o12o _ 1 \ ] 
a'=- Lsa Ln As: 10b72o+l / (A4) 
We can also express the result in terms of dB/ m and 
the dB spreading Losses PL 0 and PLss along the direct 
and s ubbottom r eflected paths : 
1 [ (100/20 _1.\l 
a= £
58 
PL 0 -PL56 -201og,0 100120 + 1 /J (A5a) 
where 
a= 8.686a', PL0 =-20 Log,oA0 , PL56 = - 20 Log,0 A58 • 
{A5b) 
We applied this method to null 3 and the adjacent peaks 
in our 2.7-m receiver data. The deeper receiver was 
used because of its superior s ignal-to-noise ratio. The 
La Spezia ray program'3 was us ed to compute the ray 
parameters. For null 3 and the preceding peak, we 
found 
D.=12.5 dB, a_=O.OOll dB/ m. (A6) 
For null 3 and the following peak, we found 
D. = 10.6 dB , a. =0 .0022 dB/ m . (A7) 
The average of these two results yields 
(a ) =0 .0017 dB/ m , (AS) 
a value which is in close agreement with the trial-and-
error result obtained in Sec . liB. 
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